Intracellular membrane fusion is effected by SNARE proteins that reside on adjacent membranes and form bridging trans-SNARE complexes. Qa-SNARE members of the Arabidopsis SYP1 family are involved in membrane fusion at the plasma membrane or during cell plate formation. Three SYP1 family members have been classified as pollen-specific as inferred from gene expression profiling studies, and two of them, SYP124 and SYP125, are confined to angiosperms. The SYP124 gene appears genetically unstable, whereas its sister gene SYP125 shows essentially no variation among Arabidopsis accessions. The third pollen-specific member SYP131 is sister to SYP132, which appears evolutionarily conserved in the plant lineage. Although evolutionarily diverse, the three SYP1 proteins are functionally overlapping in that only the triple mutant syp124 syp125 syp131 shows a specific and severe male gametophytic defect. While pollen development and germination appear normal, pollen tube growth is arrested during passage through the style. Our results suggest that angiosperm pollen tubes employ a combination of ancient and modern Qa-SNARE proteins to sustain their growth-promoting membrane dynamics during the reproductive process.
INTRODUCTION
A prerequisite for double fertilization in seed plants -after compatible pollen reception on the stigma -is the continuous growth of the pollen tube inside the female organ to deliver the immotile sperm cells to the female gametophyte (Higashiyama and Takeuchi, 2015) . This directional growth of the pollen tube requires the addition of membrane and cell wall material, which occurs at the tip of the expanding pollen cell (Krichevsky et al., 2007) . Different molecular factors have been implicated in the regulation of pollen tube growth, most prominently the actin cytoskeleton and a tip-focused Ca 2+ gradient. The actin cytoskeleton enables cytoplasmic movement in general and movement of organelles behind the vesicle-filled, most apical 'clear' zone. Additionally, proper actin organization ensures efficient exocytosis and endocytosis of membrane vesicles at the pollen tube tip, which is essential for rapid growth (Fu, 2015) . Calcium uptake most likely takes place at the growing tip to ensure the establishment of the aforementioned intracellular Ca 2+ gradient important for pollen tube growth (Hepler et al., 2012) . Finally, actin dynamics and calcium signaling might be interconnected as the reorganization of the actin cytoskeleton during growth reorientation is in tune with Ca 2+ oscillations (Hepler et al., 2012; Steinhorst and Kudla, 2013) . Delivery of membrane material and associated proteins to the growing tip of the pollen tube involves a complex machinery of membrane trafficking and fusion (Cai et al., 2015) . Two routes of membrane traffic have been described in growing pollen tubes: (1) secretion depending on trans-Golgi network/early endosome (TGN/EE)-localized late-secretory ADP-ribosylation factor GTPase guaninenucleotide exchange factors (ARF-GEFs) and (2) recycling from endosomes to the plasma membrane (PM) requiring the pollen-specific ARF-GEF GNOM-LIKE2 (GNL2; Richter et al., 2012 Richter et al., , 2014 . Each of these pathways is essential, suggesting that changes in growth direction involve re-localization of PM proteins by endocytosis and recycling, whereas secretory delivery of newly synthesized PM proteins also contributes to the growth process. As in any other cell type, fusion of the transport vesicles with their target membrane requires the concerted action of proteins mediating tethering, docking and fusion of the adjacent membranes. Among the tethering proteins, the SEC3A subunit of the exocyst complex has recently been identified as an essential component of pollen tube growth, suggesting a specific role for this ubiquitous protein complex in tethering incoming membrane vesicles to the sites of growth within the apical PM of the pollen tube (Bloch et al., 2016; Li et al., 2017) . Of the core fusion machinery, SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins involved in fusion with the PM are arguably the most diverse protein subfamily in flowering plants, including members that are specifically expressed in the male gametophyte.
Although SNAREs are evolutionarily conserved among eukaryotes, their number has strongly increased during plant evolution, which is likely due to specialization to plant-specific mechanisms and trafficking pathways (Lipka et al., 2007; Sanderfoot, 2007) . The so-called SNARE domain is the key feature of all SNARE proteins, and is essential for interaction with cognate SNARE partners in order for membrane fusion to occur. SNARE domains of interacting SNARE proteins form a four-helical bundle, resulting in a trans-SNARE complex that connects the vesicular and target membrane to facilitate membrane fusion (Lipka et al., 2007) . SNARE proteins can be classified according to conserved amino acid residues Q (glutamine) or R (arginine) in the center of their SNARE domain. Thus, a trans-SNARE complex consists of R-SNARE (aka VAMP), Qa-SNARE (aka syntaxin), and either a SNAP25-like protein comprising two SNARE domains (Qb,c-SNARE, trimeric SNARE complex) or two t-SNARE light chains (Qb-and QcSNAREs, tetrameric SNARE complex; Lipka et al., 2007) . From classical experiments with recombinant yeast SNAREs expressed in liposomes, trimeric complexes are believed to mediate membrane fusion at the PM whereas tetrameric complexes are involved in fusion events at endomembranes (Fukuda et al., 2000) . In Arabidopsis, QaSNAREs of the SYP1 (syntaxin of plants) subfamily appear to play a pivotal role in specifying membrane fusion, because a SNARE complex comprising Qa-SNARE PEN1, Qb,c-SNARE SNAP33 and R-SNARE VAMP721 (or VAMP722) is involved in innate immunity at the PM whereas a very similar complex comprising Qa-SNARE KNOLLE in place of PEN1 mediates cell plate formation by vesicle fusion during cytokinesis (Kwon et al., 2008; El Kasmi et al., 2013) . This would imply that specificity of SNARE complexes is mainly conferred by Qa-SNAREs.
The Arabidopsis SYP1 subfamily consists of nine members, which all localize to the PM in transient protoplast expression assays but show different expression patterns within the plant (Uemura et al., 2004; Enami et al., 2008) . KNOLLE (aka SYP111) is vital for plant cytokinesis, and shows a distinct and timely expression pattern during mitosis, whereas its closest homolog SYP112 is only very weakly expressed and has no obvious function during plant development (M€ uller et al., 2003; J€ urgens et al., 2015) . PEN1 (aka SYP121) is important for plant innate immunity and, together with its homolog SYP122, also has roles in the implementation of programmed cell death as well as in trafficking and regulation of aquaporins and ion channels via specific protein-protein interactions (Assaad et al., 2004; Zhang et al., 2007; Kwon et al., 2008; Chevalier and Chaumont, 2015; J€ urgens et al., 2015; Karnik et al., 2017) . SYP123 is predominantly active in Arabidopsis root hairs, whilst ubiquitously expressed SYP132 has been implicated in plant-bacterial interactions (Kalde et al., 2007; Enami et al., 2008; Limpens et al., 2009; Pan et al., 2016) . However, both SYP123 and SYP132 appear to have additional functions, and might be involved in similar processes (Ichikawa et al., 2014; Rodriguez-Furl an et al., 2016) . The remaining three SYP1 family members -SYP124, SYP125 and SYP131 -are exclusively expressed in the male gametophyte, and might thus be important for proper exocytosis during pollen tube growth (Enami et al., 2008; Kato et al., 2010; Silva et al., 2010; Ul-Rehman et al., 2011; Ichikawa et al., 2015) . The functional diversity of SYP1 proteins cannot only be explained by differences in expression patterns, but is also related to stability and subcellular dynamics of the proteins (Reichardt et al., 2011) . For example, KNOLLE is very tightly regulated at the transcriptional and translational level as both mRNA and protein are only present during mitosis, while SYP132 is ubiquitously expressed and the protein is stably localized to the PM during interphase. PEN1 presents yet another pattern: its expression is upregulated during fungal attack and its subcellular localization is highly dynamic, re-localizing to the site of pathogen attack (Assaad et al., 2004; Kwon et al., 2008; Nielsen et al., 2012) .
Here, we analyze the role of pollen-specific Qa-SNAREs of the SYP1 subfamily in the male contribution to the reproduction process in Arabidopsis. The genes encoding SYP124, SYP125 and SYP131 have been identified as highly expressed in mature pollen, accounting for at least 90% of all SYP1 transcripts at that stage (Honys and Twell, 2004; Wang et al., 2008; Becker et al., 2014) . Because closely related SYP1 proteins can act in functionally different SNARE complexes, we wondered if the evolutionarily diverse SYP1 family genes that are exclusively expressed in pollen fulfill unique or overlapping functions in reproduction.
RESULTS

SYP1 subfamily of Qa-SNAREs and evolutionary instability of SYP124
Unlike their animal counterparts, the SYP1 subfamily of PM Qa-SNAREs of flowering plants can be subdivided into three groups: SYP11, SYP12 and SYP13 (Figure 1 ). The SYP13 group is the most ancient as it also includes orthologous proteins from algae, liverworts, mosses and spikemosses, whereas members of the SYP11 and SYP12 groups are confined to the flowering plants. Additionally, liverworts, mosses and spikemosses appear to have evolved their own 'pre-angiosperm' SYP12 group in addition to the moss proteins of the SYP13 group ( Figure 1 ; Table S3 ; Sanderfoot, 2007; Kanazawa et al., 2015) . The basal angiosperm species Amborella trichopoda and the basal monocot Spirodela polyrhiza both have only one member each of the SYP124/125 and SYP131/132 pairs ( Figure S1 ; Table S3 ). Except for the basal eudicot species Aquilegia coerulea, which interestingly only has one member of the SYP124/125 pair, and the unclear relatedness of the rice proteins, all other angiosperm species analyzed show two members each for the SYP124/125 and SYP131/ 132 pairs ( Figure S1 ; Table S3 ). However, the proteins encoded by the duplicated genes in cacao or papaya seem to be different from the Brassicaceae ones, indicative of divergent evolution. The SNARE protein sequences of the Brassicaceae family group closely together, and comparison of SYP1 protein sequences in Arabidopsis shows a particularly high similarity between SYP124 and SYP125 as well as (albeit lower) between SYP131 and SYP132 proteins (Table S1 ). Interestingly, in the case of the SYP124/ 125 duplication event, SYP124 is the evolutionarily more unstable gene of the two SNARE genes. Surveying the genomes of a large collection of Arabidopsis accessions (Alonso-Blanco et al., 2016), we detected deletion or insertion mutations in the SYP124 coding sequence leading to premature stop codons in several randomly chosen accessions (Table S2 ). These mutations were confirmed by sequencing the genomic locus in the respective accessions. In contrast, the SYP125 (and also SYP131) coding sequences displayed only amino acid exchanges or synonymous mutations, indicating evolutionary stability and functional protein products. Strikingly, SYP124 seems to be obsolete in the closely related genus Capsella, as in both Capsella rubella and Capsella grandiflora only a SYP125 gene but not a SYP124 homolog has been identified ( Figure S1 ; Table S3 ). This further supports the notion of SYP124 being genetically unstable.
Subcellular localization of SYP124 and SYP125
Expression of the three SYP1 family members that are solely expressed in the male gametophyte is especially strong in late stages of pollen development before desiccation (Honys and Twell, 2004; Wang et al., 2008; Becker et al., 2014) . Their subcellular localization in pollen and pollen tube has been extensively described by live-cell imaging of genomic constructs encoding those proteins fused to green fluorescence protein (GFP; Enami et al., 2008; Silva et al., 2010; Ul-Rehman et al., 2011; Ichikawa et al., 2015) . Consistent with the previously published results, expression of both GFP-SYP124 and GFP-SYP125 genes from their native promoter elements resulted in high levels of protein accumulation at mature pollen stages ( Figure S2a and b). Right before and during tube outgrowth, both fusion proteins accumulated at the future pollen tube exit site (Figure 2c and d) . During pollen tube growth, both proteins were still strongly expressed but showed differences in preferential localization and dynamics ( Figure S2e and f), confirming previous results (Enami et al., 2008; Silva et al., 2010; UlRehman et al., 2011; Ichikawa et al., 2015) . Whereas SYP124 labeled more strongly the sub-apical PM and endomembrane structures behind the pollen tube tip, SYP125 was predominantly visible at both the PM and vesicles directly at the tip. Time-course confocal imaging indicated high-rate trafficking inside the pollen tube for both GFP-SYP124 and GFP-SYP125 in accordance with cytoplasmic streaming models (Cai et al., 2015) , namely peripheral transport towards the tip and central cytoplasmic streaming towards the base (Movies S1 and S2). This indicates that the two proteins are likely recycled to the PM of the growing pollen tube tip. To test this hypothesis, we treated outgrowing pollen tubes with Brefeldin A (BFA) and counterstained with the molecular tracer FM4-64. BFA inhibits the ARF-GEF GNL2 required for recycling from endosomes to the PM in pollen tubes, whereas there is no BFA effect on secretory traffic (Richter et al., 2012) . We observed co-localization of FM4-64 with GFP-SYP125 in BFA compartments , indicating that the Qa-SNARE was trapped and therefore could not be efficiently recycled anymore. Because expression of GFP-SYP131 from its endogenous promoter sequences was hardly detectable in pollen and pollen tubes, as compared with GFP-SYP124 and GFP-SYP125 (Enami et al., 2008; Ichikawa et al., 2015) , and to gain better subcellular resolution also for SYP124 and SYP125 proteins, we expressed all three SNAREs during cytokinesis and performed localization experiments in root cells. When expressed from KNOLLE regulatory sequences, all three pollen-specific SYP1 members were visible at the newly forming cell plate in dividing seedling root cells, and SYP125 and SYP131 also strongly labeled the PM of interphase cells (Figure 2d -f). Interestingly, when treated with BFA, mainly SYP124 and SYP125 co-localized with the Golgi and TGN marker ARF1 to BFA compartments, whereas SYP131 mainly resided at the PM (Figure 2g-i) .
Functional redundancy of pollen Qa-SNAREs
In order to gain insight into SNARE function during pollen development and pollen tube extension, we analyzed plants mutant for the Qa-SNARE genes specifically expressed in pollen. For this purpose, we performed segregation analyses of the respective mutant alleles by polymerase chain reaction (PCR) genotyping of offspring seedlings (Table 1 ). All single mutants segregated the mutant allele in a normal Mendelian ratio, as did both syp124 syp131 and syp125 syp131 double mutants. In contrast, syp124 syp125 double mutants showed distorted segregation (Table 1) . To identify the underlying cause, we performed reciprocal crosses that clearly demonstrated the expected impairment of the male gametophyte in transmission efficiency. In contrast, the segregating syp124 mutant allele was normally transmitted via the female gametophyte to the next generation. Pollen from all three combinations of double homozygous mutant plants (including syp124À/À syp125À/À) looked both histologically and morphologically normal ( Figure S3 ). Also, double mutant pollen tubes displayed no obvious defects ( Figure S3 ), which showed the general ability of the syp124 syp125 pollen tubes to grow and reach the female gametophyte. Unlike the quantitative impairment of the double mutant, however, we never recovered triple homozygous syp124 syp125 syp131 plants (Table 1 ), indicating that the loss of activity of all three pollen-specific SYP1 SNAREs completely abolishes successful transmission through the male gametophyte to the next generation.
Loss of Arabidopsis pollen-specific Qa-SNAREs causes pollen tube growth arrest
To show that the loss of the three Qa-SNAREs is causative for the triple mutant phenotype, we complemented mutant pollen tubes with a functional, genomic GFP-SYP125 fusion construct (Enami et al., 2008) . This resulted in the recovery of 'rescued' homozygous triple mutant plants that were identified by PCR genotyping and that did not show any obvious sporophytic phenotypic defects during their life cycle. Thus, the triple mutant phenotype did indeed result from abolishing the third Qa-SNARE rather than being caused by any unknown genetic background effect. We then investigated in vitro germinated pollen tubes from triple mutant plants rescued by a single copy of the GFP-SYP125 transgene in the quartet 1 (qrt1) background (Preuss et al., 1994; Francis et al., 2006) . qrt1 mutants fail to separate the four microspores of the pollen tetrad after meiosis. Because plants were hemizygous for the GFP-SYP125 transgene, this experimental setup enabled us to analyze mutant and rescued pollen tubes as groups of four meiotic products in more detail (Figure 3 ). Mature triple mutant pollen resembled wild-type pollen as indicated by DAPI staining of the two sperm cells and one vegetative cell ( Figure 3a ) and, as in wild-type pollen, the site of Table S3 . Proteins from various plant species group into four distinct protein clades comprising three SYP1 clades and a 'preangio' SYP12 clade. future outgrowth of the pollen tube was labeled with ruthenium red (Figure 3b ), a dye specific for de-esterified pectin (Downie et al., 1998) . Mutant pollen tubes were also able to bulge out and continue outgrowth (Figure 3c and d) . In contrast to the mutant pollen tubes that were rescued by the GFP-SYP125 transgene (Figure 3e) , however, the nonrescued mutant pollen tubes were shorter in length and exhibited an increased tube diameter when grown in vitro on germination medium (Figure 3f and g ), suggesting that sufficient fusion of vesicles with the PM at the pollen tube tip was not ensured. We tested this notion by observing and comparing the intracellular distribution of FM4-64 in growing non-rescued and rescued triple mutant pollen tubes (Movies S4-S6). Mutant pollen tubes were devoid of FM4-64-positive membrane vesicles in the center, but showed strong accumulation at the periphery of the pollen tube cell at the tip and, additionally, cytoplasmic streaming seemed impaired. In contrast, rescued pollen tubes displayed regular cytoplasmic streaming (compare Movies S3 and S6), and FM4-64 and GFP-SYP125 signals overlapped at the PM in the pollen tube tip and at intracellular vesicles, indicating co-localization in the same endomembrane compartments (Movie S6). Taken together, the in vitro results clearly show that one functional SYP125 allele introduced as a transgene is sufficient to compensate for the loss of all three pollen-specific Qa-SNAREs SYP124, SYP125 and SYP131.
To rule out an effect of the in vitro growth conditions, we also tested the same experimental setup of rescued and non-rescued mutant pollen tubes under in vivo conditions, i.e. for germination on the stigma and growth down the style. The non-rescued, GFP-negative pollen that germinated directly on the stigma showed the same growth defects of stunted and misshapen pollen tubes as observed in vitro (Figure 4a-c) . To test if mutant pollen tubes grown in vivo inside the transmitting tract could actually grow further than on pollen germination medium in vitro, we emasculated wild-type flowers and pollinated gynoecia cut across the style with pollen tetrads from triple mutant plants bearing a single copy of the GFP-SYP125 rescue transgene (Figure 4d ). Only genetically rescued, GFP-labeled pollen tubes were able to reach and grow out of the cut edge. This clearly indicates that triple mutant pollen tubes cease growth prematurely also in vivo and that at least one functional pollen-specific Qa-SNARE is necessary to reach the female gametophyte.
DISCUSSION
Development of the male gametophyte (pollen) and pollen tube germination per se do not depend on the lateexpressed pollen-specific Qa-SNARE genes, such as SYP124, SYP125 and SYP131, as no obvious defects in pollen morphology and early pollen tube growth can be observed in the triple mutant background. The Qa-SNAREs KNOLLE, SYP112 and SYP132 are expressed in the first stages of pollen development and are likely candidates to mediate fusion processes during the mitotic divisions giving rise to the tricellular pollen. Nonetheless, at least 90% of all SYP1 mRNAs accumulating in tricellular pollen or mature pollen grains are transcribed from the three pollenspecific genes (Honys and Twell, 2004) , leaving one with the question: How do the pollen-specific SYP1s act in pollen tube growth? Pollen tube growth requires the continuous supply of membrane material including membrane-associated proteins to the growing tip of the cell. Two trafficking pathways contribute to pollen tube growth: (1) the secretory pathway depending on the late secretory ARF-GEFs BIG1-4, which act at the TGN (Richter et al., 2014) ; and (2) the endosomal recycling pathway regulated by ARF-GEF GNL2 (Richter et al., 2012) . Either pathway alone is not able to sustain pollen tube growth, suggesting different, i.e. nonredundant, contributions of the two pathways. Interestingly, the exocyst complex appears to be required for both pathways, mediating the tethering of 'exocytic' vesicles to the tip of the growing pollen tube (Bloch et al., 2016; Li et al., 2017) .
The pollen-specific Qa-SNAREs SYP124 and SYP125 on one hand and SYP131 on the other are evolutionarily diverse, so one might presume that they make complementary contributions to pollen tube growth, for example, SYP124 and SYP125 taking care of membrane fusion in the recycling pathway, whereas SYP131 might preferentially mediate membrane fusion of secretory vesicles. Such a scenario would imply that each SNARE function is essential on its own, as demonstrated for the trafficking regulators of the ARF-GEF protein family (Richter et al., 2012 (Richter et al., , 2014 . However, the pollen-specific SNARE proteins appear to overlap functionally, suggesting that all of them contribute to the same trafficking pathways. That the different members of the SYP1 family are not necessarily restricted to their primary functional roles is illustrated by the observation that SYP132, when expressed from the KNOLLE cis-regulatory sequences, can substitute for KNOLLE (aka SYP111) in cytokinesis, although the two proteins are members of different SYP1 groups and are evolutionarily distinct (Reichardt et al., 2011) . Thus, the more recent SYP124/SYP125 and the more ancient SYP131 proteins might display sufficiently similar functions to substitute for each other, possibly sharing similar interacting SNARE partners and therefore trans-SNARE complexes. SYP124 and SYP125 appear essentially as two copies of the same gene, having arisen late in dicot evolution (Figures 1 and S1 ). This duplication might rather reflect the general fluidity of plant genomes where genes can be readily gained by individual, segmental or whole-genome duplications. By the same token, they can also be lost again if the duplicated genes did not diverge functionally. Along these lines, SYP124 appears evolutionarily unstable with multiple instances of complete loss of protein function across various Arabidopsis thaliana accessions.
Functional diversity of SNARE genes is brought about by specific promoter activity and different spatiotemporal protein dynamics (M€ uller et al., 2003; Reichardt et al., 2011) . In the case of the evolutionarily diverse SNARE family members SYP124/SYP125 and SYP131, their pollen-specific expression might account for their overlapping specificity. On the other hand, the contribution of SYP124/ 125 seems to be larger than that of SYP131, as double mutant syp124 syp125 pollen tubes only seldom reach the female gametophyte and are likely encumbered when growing in the transmitting tract of the style. This difference might be related to the protein dynamics of the different proteins: whereas SYP131 is mostly stably localized to the PM, SYP124/125 appear to cycle between PM and endosomes. For this reason, SYP124/125 might be better equipped for serving the fusion of recycling vesicles as they could perform both recycling and secretion, whereas the more static SYP131 might mainly serve secretion of newly synthesized proteins. Thus, SYP131 could mainly contribute to rapid cellular growth in general by fusion processes at the entire PM, whereas SYP124/SYP125 would give directionality to tip-growth by changes of vesicle fusion foci at the pollen tube tip.
How can we explain the rather unusual functional overlap between evolutionarily diverse Qa-SNAREs in pollen tube growth? Obviously, their promoters converged in flowering plant evolution for the genes to be co-expressed to very high levels at the end of pollen development. This is best illustrated by the high-level expression of a SYP124/125-related Qa-SNARE gene detected in expression profiling of Oryza sativa pollen (Wei et al., 2010) . In addition to being expressed at comparable levels in the same tissue at the same time, the ability to interact with the same partners might provide the means to support the same process in a comparable manner. It is interesting to note that a recent interactomics study of ubiquitously expressed SYP1 Qa-SNAREs revealed that a member of the SYP12 clade and a member of the SYP13 clade both interact with the same Qb, Qc and R-SNARE partners (Fujiwara et al., 2014) . This raises the possibility that the evolutionary distance between different SYP1 clades might be functionally less significant than the sequence divergence suggests. Nonetheless, the pollen-specific specialization of SYP1 Qa-SNAREs might have been initiated with the origin of a SYP124/125 precursor gene in basal angiosperms like Amborella. This would also be consistent with the distinct clade of pollen-specific recycling ARF-GEFs named GNL2 being confined to angiosperms (Richter et al., 2012) . If this is the case, SYP131 only acquired its pollenspecific role with the advent of angiosperms, although its precursor with a more general function can be traced back to the clade of algae that gave rise to the earliest land plants.
EXPERIMENTAL PROCEDURES
In silico analysis SNARE amino acid sequences were retrieved by blastP search with the Arabidopsis sequences from the Phytozome (https://phy tozome.jgi.doe.gov) and NCBI (https://blast.ncbi.nlm.nih.gov) databases. Incomplete sequences and pseudogenes were excluded from the analysis and aligned with MUSCLE version 3.5 on the T-REX web server (Edgar, 2004; Boc et al., 2012) . Maximum likelihood tree inference was performed with the LG substitution model (Le and Gascuel 2008) for amino acid exchange rate and the FreeRate model +R6 for rate heterogeneity across sites (LG + R6 + F0) using the IQ-TREE web server (Trifinopoulos et al., 2016) . Branch support analysis was conducted with ultrafast bootstrap support of 1000 alignments. The final tree was visualized with MEGA software version 7.0.18 (http://www.megasoftware.net). Single nucleotide polymorphisms (SNPs) in the various Arabidopsis accessions were checked on the 1001 genomes website (http:// 1001genomes.org). Box-plots illustrations for measurements of pollen tube lengths and widths were generated with the Box-PlotR web tool (http://boxplot.bio.ed.ac.uk).
Plant materials and growth conditions
All plants were grown under long-day conditions as described before (Slane et al., 2014) . Wild-type plants were of the Col-0 or No-0 accessions. Arabidopsis accessions were generously provided by Detlef Weigel (Alonso-Blanco et al., 2016). The pSYP124: GFP-SYP124 and pSYP125:GFP-SYP125 transgenic and the qrt1 mutant lines (Col-0) have been described previously (Preuss et al., 1994; Enami et al., 2008) . The following insertion lines used in this work were obtained from the RIKEN BioResource Center or the Nottingham Arabidopsis Stock Centre (NASC): syp125-1 (pst11980, No-0, RIKEN), syp131-1 (SALK_129695, Col-0, NASC), syp131-2 (SALK_037137, Col-0, NASC), syp131-3 (SALK_009916, Col-0, NASC). The syp125-1 Ds transposon was located in the first exon, and the syp131-1, syp131-2 and syp131-3 T-DNA insertions were detected in introns and at an exon-intron border, respectively ( Figure S4a ). For all insertion lines, reverse transcriptase (RT)-PCR analyses indicated strong knockdowns or even complete knockouts ( Figure S4b and c) . In light of the SYP124 instability across Arabidopsis accessions, we sequenced the SYP124 as well as SYP131 loci in No-0 syp125-1 mutant plants. We found that the SYP124 locus showed a SNP leading to a premature stop codon and no mutation in the SYP131 locus compared with the Col-0 reference ( Figure S4a ; Table S2 ). The conceptually truncated No-0 SYP124 protein would be devoid of the C-terminal membrane anchor and, when we expressed a myc-tagged No-0 SYP124 transgene, we were able to detect the mRNA by RT-PCR but not the protein by immunoblotting ( Figure S4d and possible hybrid effects, we back-crossed the syp125-1 line several times to Col-0. To generate higher order mutants, we crossed a syp124 syp125 double mutant with syp131-1.
Molecular cloning and genotyping
For expression of pollen SNAREs in root tissue, coding sequences of SYP124, SYP125 and SYP131 were amplified from a cDNA library and introduced into the KNOLLE expression cassette as described (Grebe et al., 2000; M€ uller et al., 2003) , using restriction sites (primers) XbaI/EcoRI (FW AAATCTAGAATGAATGATT-TATTCTCTAGTTCGT, REV AAAGATTCTCACTTCAACATGAG-CATG), XbaI/EcoRI (FW AAATCTAGAATGAACGATTTATTCTCTAA TTCATTCA) and XbaI/SmaI (FW AAATCTAGAATGAACGACCTCT-TAAAGGGTTC, REV AAACCCGGGTTAGGCACCATTTTTCTGT GTC9), respectively. The No-0 SYP124 coding sequence used for immunoblotting analysis was amplified from flowers of the syp125-1 insertion line in the No-0 accession with the same primer pair mentioned above and cloned into the KNOLLE expression cassette via XbaI/EcoRI restriction sites. The Col-0 and No-0 alleles for the SYP124 gene were discriminated by a cleaved amplified polymorphic sequence marker after amplification using primers SYP124 5 0 UTR FW AACAGGCAGAGGATGATGATGATGATC and SYP124 REV TCACTTCAACATGAGCATGATATGAGGTAAG. The HpaII/MspI restriction site in Col-0 (CCGG) at position 612 bp after the start codon is changed by a SNP in No-0 (CTGG). For PCR genotyping of syp124 syp125 syp131 mutant seedlings complemented with the pSYP125:GFP-SYP125 transgenic construct, a forward primer in the 5 0 UTR of the SYP125 gene was used (SYP125 5 0 UTR FW CTTCCTCTTACTCATGCAGAGGACGAC) in combination with a gene-specific reverse primer (SYP125 REV CCA-CATGGCTCTCTATGTTGTTTAATTGT) to distinguish between the endogenous SYP125 allele and the transgene. The insertion lines used in this work were genotyped using the following primers: syp125-1 -SYP125 5 0 UTR FW, SYP125 REV and Ds5-2a CCGTTCCGTTTTCGTTTTTTAC; syp131-1 and syp131-3 -SYP131 FW I GAACGACCTCTTAAAGGTTTGTCTTATCTTTT, SYP131 REV I GAGAAATTCTTCCCACTTCATCAACATCT and LB-a1 TGGTTCACG-TAGTGGGCCATC; syp131-2 -SYP131 FW I, SYP131 REV II TTAGGCACCATTTTTCTGTGTC and LB-a1.
RT-PCR
Total RNA for RT-PCR analysis was extracted using the RNeasy Plant Mini Kit (Qiagen) and on-column DNA digest with RNaseFree DNase Set (Qiagen) according to the manufacturer's protocol. As a reference, the ACTIN 2 (AT3G18780) gene was used with intron-spanning (FW TGAGCAAAGAAATCACAGCACTTGC and REV TCTGTGAACGATTCCTGGACCTG) or 3 0 UTR-specific primer pairs (FW AAGCTGGGGTTTTATGAATGG and REV TTGTCACACA-CAAGTGCATCAT). The gene-or transgene-specific cDNA amplification was performed with the following primers: Myc-SYP124 -FW GCTTATTTCTGAGGAGGATCTTCTTTCTAG and SYP124 REV; SYP125 -FW AGGACGACATGAAAGGAGTCGAGG and SYP125 REV; SYP131 -SYP131 FW II GGTTCGTTAGAGTTCTCCAGGGAT and SYP131 REV II.
Immunoblotting and immunofluorescence analysis
Protein extraction, immunoblotting and whole-mount immunofluorescence were performed as described previously (Reichardt et al., 2011) . The following antibodies and respective dilutions were used for immunoblotting analysis: mouse anti-a-tubulin monoclonal antibody at 1:4000 (Sigma-Aldrich); goat anti-mouse IgPOD polyclonal antibody at 1:10 000 (Boehringer); and mouse anti-Myc-POD monoclonal antibody at 1:1000 (Roche). The following antibodies and respective dilutions were used for whole-mount immunofluorescence analysis: rabbit anti-KNOLLE antiserum (1:2000; Lauber et al., 1997); mouse anti-Myc monoclonal antibody 9E10 (1:600; Santa Cruz Biotechnology); rabbit anti-Arf1 polyclonal antibody (1:5000; Pimpl et al., 2000) ; FITC-conjugated secondary goat anti-rabbit antibody (1:600; Dianova); and Cy3-conjugated secondary goat anti-mouse antibody (1:600; Dianova). DAPI staining was performed as described previously (V€ olker et al., 2001) .
Pollen phenotypic analysis
Pollen for in vitro and semi-in vivo experiments was germinated on pollen germination medium containing 1% agarose as described previously (Boavida and McCormick, 2007) . On a microscopic slide, six-eight agar block squares were prepared and covered with pollen from three-four flowers. The slides were then placed on a wet cloth inside a plastic box filled with water to ensure high humidity, and pollen germinated at 23°C. For semi-in vivo pollen germination experiments, stigmata of Col-0 and No-0 plants were pollinated 1 day after emasculation (dap) with qrt1 tetrads of triple homozygous syp124 syp125 syp131 mutant plants segregating for the pSYP:GFP-SYP125 transgene. This enabled direct comparison of mutant with rescued pollen tubes in the same genetic background. Phenotypic analysis of mutant and rescued pollen tubes was performed with a Zeiss Axiophot and Zeiss AxioImager Z.1.
Chemical treatment and confocal microscopy
Seedling roots were treated with FM4-64 and BFA as described previously (Reichardt et al., 2011) . Arabidopsis pollen tubes were imaged after 10 min if solely treated with 4 lM FM4-64, and after 30 min if co-treated with 4 lM FM4-64 and 50 lM BFA. DAPI staining of mature pollen was carried out without fixation steps as described previously (Durbarry et al., 2005) . Fluorescence images of seedling roots and in vitro or semi-in vivo germinated pollen or pollen tubes were acquired with Leica TCS-SP2/5/8 confocal laser-scanning microscopes (Leica image acquisition software, 40 9 and 63 9 water-immersion objectives). In vivo germinated pollen tubes were imaged with a Zeiss LSM 780 NLO confocal laser-scanning microscope (ZEN imaging software, 40 9 water-immersion objective). Table S1 . Identity and similarity among Arabidopsis SYP1 family proteins. Percentages of identical or similar amino acids are shown after amino acid sequences of the SYP1 family proteins were blasted against each other. Table S2 . SNPs in exemplary Arabidopsis accessions. Col-0 was used as reference accession. The three pollen-enriched SNARE genes were first checked in the 1001 genomes database and then re-sequenced from the indicated accessions. Table S3 . List of species used for phylogenetic analyses.
Movie S1. GFP-SYP124 protein in growing pollen tube in Col-0 background. Movie S2. GFP-SYP125 protein in growing pollen tube in Col-0 background. Movie S3. GFP-SYP125 protein in growing, rescued pollen tube in syp124 syp125 syp131 triple homozygous background. Movie S4. FM4-64-treated, non-rescued pollen tube in syp124 syp125 syp131 triple homozygous background. Images were taken 5 h post-germination and 10 min post-incubation with FM4-64. Red signal: FM4-64. Movie S5. FM4-64-treated, rescued pollen tube in syp124 syp125 syp131 triple homozygous background. Images were taken 5 h post-germination and 10 min post-incubation with FM4-64. Red signal: FM4-64. Movie S6. FM4-64-treated, rescued pollen tube in syp124 syp125 syp131 triple homozygous background. Overlay of FM4-64 with GFP channel from Movie S5. Images were taken 10 min post-incubation with FM4-64. Red signal: FM4-64; green signal: GFP-SYP125; yellow signal: merged.
